Ahstract-The spherical tokamak (ST ) is a leading candidate for a fusion nuclear science facility (FNSF) due to its compact size and modular configuration. The National Spherical Torus eX periment (NSTX) is a MA-c1ass ST facility in the U.S. actively developing the physics basis for an ST-based FNSF. In plasma transport research, ST experiments exhibit a strong (nearly inverse) scaling of normalized confinement with collisionality, and if this trend holds at low collisionality, high fusion neutron fluences could be achievable in very compact ST devices. A major motivation for the NSTX Upgrade (NSTX-U) is to span the next factor of 3-6 reduction in collisionality. To achieve this collisionality reduction with equilibrated profiles, NSTX-U will double the toroidal field, plasma current, and NBI heating power and increase the pulse length from 1-1.5s to 5s. In the area of stability and advanced scenarios, plasmas with higher aspect ratio and elongation, high f3N' and broad current profiles approaching those of an ST-based FNSF have been produced in NSTX using active control of the plasma f3 and advanced resistive wall mode control. High non-inductive current fractions of 70% have been sustained for many current diffusion times, and the more tangential injection of the 2nd NBI of the Upgrade is projected to increase the NBI current drive by up to a factor of 2 and support 100% non-inductive operation. More tangential NBI injection is also projected to provide non-solenoidal current ramp-up (from Ip = OAMA up to 0.8-1MA) as needed for an ST-based FNSF.
stability and advanced scenarios, plasmas with higher aspect ratio and elongation, high f3N' and broad current profiles approaching those of an ST-based FNSF have been produced in NSTX using active control of the plasma f3 and advanced resistive wall mode control. High non-inductive current fractions of 70% have been sustained for many current diffusion times, and the more tangential injection of the 2nd NBI of the Upgrade is projected to increase the NBI current drive by up to a factor of 2 and support 100% non-inductive operation. More tangential NBI injection is also projected to provide non-solenoidal current ramp-up (from Ip = OAMA up to 0.8-1MA) as needed for an ST-based FNSF.
In boundary physics, NSTX and higher-A tokamaks measure an inverse relationship between the scrape-off layer heat-flux width and plasma current that could unfavorably impact next step devices. Recently, NSTX has successfully demonstrated very high flux expansion and substantial heat-flux reduction using a snowflake divertor configuration, and this type of divertor is incorporated in the NSTX-U design. The physics and engineering design supporting NSTX Upgrade are described.
I. I NTRODUCTION
The spherical tokamak (ST) is a leading candidate for a fusion nuclear science facility (FNSF) due to its compact size and modular configuration [1] , [2] sustainment in the spherical torus/tokamak (ST). In particular, NSTX [3] and MAST [4] observe a strong (nearly inverse)
scaling of normalized confinement with v * . An example of this scaling is show in Figure 1 for NSTX experiments in which the plasma q, (3, and P * were approximately fixed as the electron collisionality v; was varied by a factor of 3. 6.6 6.6 11.7 11.7 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 factor of 3-6 reduction in collisionality while also extending other NSTX physics regimes and capabilities such as non inductive current ramp-up and sustainment.
II. P HYSICS R EQ UIREMENTS AND E NGINEERING D ESIGN
A. Centerstack, PF coils, Structural Enhancements 
Time For the ST confinement scaling, access to high temperature and beta is achievable with heating power comparable to that in NSTX, but for ITER H-mode scaling, substantially more power (factor of 2-3 x higher) is required to achieve similar j3
values at similar safety factor q * (see middle yellow and red columns in Table I ).
To summarize the combination of requirements above, the Figure 3a by the red outline overdrawn on the present CS. Figure 3b shows the doubling of the TF conductor diameter which enables the doubling of TF current with 5 x longer pulses.
The OH coil diameter also nearly doubles in the new CS, but the number of OH turns is decreased by 20% to increase the conductor cross-section and cooling hole diameter to enable inter-shot cool-down times under 15 minutes. As shown in To enable engineering design of the upgrade, systematic free-boundary equilibrium calculations have been performed to determine the Upgrade poloidal field requirements. The design range spans aspect ratio A = 1.6 to 1.9, internal inductance li = 0.4 to 1. 1, elongation K = 2. 1 to 2.9, triangularity <5 = 0.2 to 0.7, squareness (= -0. 15 to 0. 12, magnetic balance <5Rsep = -1.5 to Ocm, normalized pressure i3N = 1, 5, and 8, and OH solenoid current = 0 and ±24kA (power supply limits) to determine the divertor poloidal field (PF) needed for cancellation of OH leakage flux. Figure 4 shows the 32 plasma boundaries of free-boundary equilibria used for assessing the PF coil current requirements for 2MA NSTX Upgrade plasmas. Each boundary shown is actually a plot of three plasma boundaries for each state of the OH coil current described above, and this set of 96 equilibria provides the set of configurations used for the detailed engineering design of the Upgrade. The PF coil currents for each configuration are shown in Figure 5 for 2MA plasmas with i3N = 5, and the PF coil locations and sizes and the minimum and maximum currents as a function of i3 N are shown in Figure 6 . As is evident from Figure 6 , the most substantial change in coil current for varied i3N is for the vertical field coil PF5.
PF5 supply current vs. internal inductance for 2MA plasma current and IpF4 = 0 In addition to accounting for variation in the plasma shape, the PF coil current requirements have also been assessed as a function of plasma current profile (internal inductance) and normalized beta for 2MA, 1 T plasmas. The plasma inductance and beta primarily influence the required vertical field (PF5) coil current, and as shown in Figure 7 , increased inductance and beta both increase the required vertical field. The Upgrade design will increase the maximum PF5 current by 50% from 20kA to 30kA nominal maximum operating current. This enhancement will enable 2MA equilibria with i3N up to 5 at li =1 and i3N up to 8 at li=0.6, and this increased vertical field capability supports all scenarios used for the Upgrade design. 
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B. 2nd Neutral Beam Injector
Beyond the new CS and ex-vessel structural enhancements, a 2nd neutral beam from TFTR has been chosen to provide the factor of 2 increase in auxiliary heating and current drive power for NSTX Upgrade, as this is presently the most mature and capable technology applicable to ST plasma parameters.
The addition of a 2nd NBI not only serves to increase the auxiliary heating power to access reduced v * , but also has increased tangency radius of injection Rtan as shown in A very important benefit of more tangential NBI is the ability to heat and drive current in lower plasma current targets.
As shown in Figure 13a the CS as shown in Figure 15b to support the snowflake and to improve flux expansion and strike-point control generally.
Recently, the snowflake divertor has demonstrated large (factor of 3) reductions in peak heat flux as shown in Figure 16 , and also up to a 50% reduction in carbon impurity production [12] .
Thus, the snowflake divertor projects favorably to mitigating high divertor heat fluxes projected for NSTX Upgrade and in particular for enabling flat-top durations up to 5s at 2MA.
IV. C ONCLUSION
The combination of a new CS and 2nd more tangentially injecting NBI will provide substantial new capabilities to advance ST research in support of FNSF in the areas of:
transport, stability, non-inductive plasma start-up, sustainment, current profile control, and plasma-material interactions. The engineering design is now complete for the new CS, ex vessel structural enhancements, and 2nd NBI modifications.
The NSTX Upgrade outage is presently scheduled to begin in April 20 12 and to be completed at the end of 2014.
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